ABSTRACT Autophagy functions as an intrinsic antiviral defense. However, some viruses can subvert or even enhance host autophagic machinery to increase viral replication and pathogenesis. The role of autophagy during avibirnavirus infection, especially late stage infection, remains unclear. In this study, infectious bursal disease virus (IBDV) was used to investigate the role of autophagy in avibirnavirus replication. We demonstrated IBDV induction of autophagy as a significant increase in puncta of LC3 ϩ autophagosomes, endogenous levels of LC3-II, and ultrastructural characteristics typical of autophagosomes during the late stage of infection. Induction of autophagy enhances IBDV replication, whereas inhibition of autophagy impairs viral replication. We also demonstrated that IBDV infection induced autophagosome-lysosome fusion, but without active degradation of their contents. Moreover, inhibition of fusion or of lysosomal hydrolysis activity significantly reduced viral replication, indicating that virions utilized the low-pH environment of acidic organelles to facilitate viral maturation. Using immuno-transmission electron microscopy (TEM), we observed that a large number of intact IBDV virions were arranged in a lattice surrounded by p62 proteins, some of which lay between virions. Additionally, many virions were encapsulated within the vesicular membranes, with an obvious release stage observed by TEM. The autophagic endosomal pathway facilitates low-pH-mediated maturation of viral proteins and membrane-mediated release of progeny virions.
the family Birnaviridae. IBDV is the most extensively studied virus in this family in terms of our collective understanding of its molecular (2) (3) (4) (5) and cellular (6-9) biology, structure (10, 11) , and pathogenesis (12) ; therefore, because the autophagic pathway and its function during double-stranded RNA (dsRNA) virus infection are poorly understood, IBDV is an important model system for dsRNA virus. Avibirnavirus VP2 binds to the pathogen receptor HSP90AA1 and induces autophagy by inactivating the AKTmTOR pathway during the early stage of virus infection (13) . The relationship between autophagic signaling and viral infection, the autophagic flux induced by IBDV during the late stage of virus infection, and the mechanism by which autophagy affects viral replication require further investigation.
Autophagy, a highly conserved cellular response to starvation, protein aggregation, organelle damage, and infectious agents, leads to sustained cellular homeostasis and to tissue development and acts as a defense mechanism against infection. There are at least three autophagy pathways: microautophagy, macroautophagy, and chaperonemediated autophagy. Macroautophagy is a well-characterized pathway and has been implicated in both innate and adaptive immunity (14) . In this report, autophagy specifically refers to macroautophagy. During autophagy, an isolation membrane forms around the substrate to generate an autophagic vesicle enclosed by two membranes. Bulk degradation of subcellular constituents occurs through formation of autolysosomes via fusion of autophagosomes with late endosomes and lysosomes (15, 16) . Autophagy functions as an intrinsic antiviral defense mechanism, an activity known as xenophagy (17) , by directly engulfing virions and/or viral components of herpes simplex virus 1 (18) or Sindbis virus (19) for lysosomal degradation.
However, some viruses subvert or enhance the host autophagic machinery for viral replication and pathogenicity. Several herpesviruses block autophagy at various steps, impairing autophagic vesicle induction, nucleation, or elongation (20) (21) (22) . RNA viruses such as poliovirus (23) , coxsackievirus B3 (24) , human immunodeficiency virus type 1 (HIV-1) (25) , and hepatitis C virus (26) induce the formation of vesicles resembling autophagosomes to enhance viral replication or nonlytic egress (27) (28) (29) . Influenza A virus blocks the fusion of autophagosomes with lysosomes and, although this has no effect on virus replication, compromises the survival of infected cells (30) . Avian reovirus nonstructural protein p17 induces autophagy, resulting in enhanced virus replication (31) . Furthermore, autophagy is beneficial to the replication of Newcastle disease virus in both chicken cells and tissues (32) . These data highlight the remarkable diversity in term of strategies by which viruses subvert the autophagy pathway and raise the possibility that autophagic degradation could itself promote virus production. Therefore, the role of autophagy in the defense of the host against viral infection and subversion of autophagy by the virus to facilitate viral replication are crucial factors in viral evolution and pathogenicity, which should be extensively studied.
The Birnaviridae family viruses integrate their genome into a complex structure known as the "viral factory," which localizes to the cytoplasmic face of membrane of endocytic compartments. Additionally, the Golgi apparatus plays an important role in IBDV assembly (8) . However, the mechanism of viral maturation and release needs further investigation. A recent study indicated that exocytosis of varicella-zoster virus virions involves a convergence of endosomal and autophagy pathways (33) . The investigators demonstrated that some viral particles after secondary envelopment accumulated in a heterogeneous population of single-membraned vesicular compartments, which were decorated with components from both the endocytic pathway (Rab11) and the autophagy pathway (LC3B). Moreover, some RNA viruses exploit endosomal and autophagy pathways for their replication and release from cells (34) . Poliovirus utilizes autophagosomes, or double-membraned vesicles, for nonlytic viral spread (35) . A pathogenic picornavirus acquires an envelope by hijacking cellular membranes (36) . Thus, in this study, the cellular aspects participating to the birnaviral replication process were investigated to gain insight into whether autophagy pathway is involved in viral maturation and release.
In this study, we demonstrated that IBDV induces autophagic signaling during the late stage of infection, which contributes to virus replication. Moreover, IBDV induces autophagosome fusion with acidic endosomes and lysosomes, leading to improved virus assembly and maturation. Additionally, many virions were encapsulated within the vesicular membranes with an obvious release stage. Our findings suggested a new mechanism for modulating autophagy pathway for avibirnavirus maturation, release, and reinternalization.
RESULTS
IBDV induces autophagic signaling during the late phase of infection. In order to investigate whether the cellular autophagy pathway levels are altered in response to infection with IBDV, DF-1 cells were infected with IBDV strain Gt at a multiplicity of infection (MOI) of 1. A previous study indicated that the percentage of apoptotic cells increased with the time phase of IBDV infection (37) . The release of cytochrome c from mitochondria to cytosol indicates the activation of intrinsic apoptotic pathway (38) . Thus, we isolated the mitochondria from uninfected cells or cells infected with IBDV from 12 to 36 h postinfection (p.i.). The level of cytochrome c in mitochondria was used to evaluate the apoptosis in protein level with Western blotting (WB). Cytochrome c in mitochondria began to decrease at 24 h p.i. and cytochrome c decreased significantly at 36 h p.i. in IBDV-infected cells compared with uninfected cells, which indicated that apoptosis was induced significantly at 36 h p.i. (data not shown). Thus, we chose to analyze cells at 12 and 24 h p.i. The level of autophagosomes was analyzed by WB at the amount of endogenous lipidated LC3 (LC3-II) and p62. When lysates of infected and uninfected cells were analyzed by anti-LC3, -p62, or -(p)VP2 immunoblotting, the viral protein showed mainly as the precursor structural protein, pVP2, and the level of the autophagic protein LC3-II began to increase, while the p62 level was similar to that in uninfected cells at 12 h p.i. The precursor structural protein, pVP2, increased at 24 h p.i. and matured into VP2. And the level of the lipidated and therefore faster-migrating LC3-II form showed a significant increase in IBDV-infected cells, but the p62 level was not changed significantly ( Fig. 1A and B) . The increased level of autophagosomes was also observed by confocal microscopy; cells were infected with IBDV strain Gt at a multiplicity of infection (MOI) of 1 and observed at 12 and 24 h p.i. compared with mock-infected cells. IBDV-infected cells showed a significant increase in the number of puncta representing LC3 ϩ autophagosomes ( Fig. 1C and D) . Transmission electron microscopy (TEM) was used to explore changes in the ultrastructure of DF-1 cells infected with IBDV versus that of uninfected cells. At 24 h p.i., a considerable increase in perinuclear and cytoplasmic double-membrane vesicles with morphological characteristics typical of autophagic vacuoles was observed in virus-infected cells. In contrast, similar vesicles were rarely detected in uninfected cells, of which morphologically normal organelles were in the cytoplasm (Fig. 1E) . The number of autophagosomes per cell significantly increased in infected cells compared with that in mock-infected cells (Fig. 1F) . Interestingly, the novel membrane crescent was observed in infected cells, which sequester cytoplasmic contents in double-membrane vesicles, expand, and self-fuse, together referred to as the induction of autophagosomes (data not shown). Taken together the results showed that autophagosomes accumulated in DF-1 cells infected with IBDV, suggesting that autophagic signaling is induced and regulated by IBDV during the late phase of infection.
Induction of autophagy enhances viral replication, whereas inhibition of autophagy impairs viral replication. In order to determine whether autophagy induction performs an antiviral function or facilitates replication of IBDV, DF-1 cells were treated with the pharmacological reagent rapamycin, which induces autophagy by inhibiting the mTOR pathway (39) . At 24 h p.i., infectious progeny virus titer, both intracellular and extracellular, was titrated by 50% tissue culture infective dose (TCID 50 ) assay, and intracellular viral protein yield was determined with WB. The intracellular loads of pVP2 were similar with and without rapamycin treatment, but the intracellular and extracellular virus titers increased significantly in the presence of rapamycin (data not shown). A previous study showed that rapamycin does not induce obvious autophagy in DF-1 cells as it does in mammalian cells (32) . Cells were starved of amino acids, a condition also known to induce autophagy (40) . As shown in Fig. 2A , the level of LC3-II was increased obviously under starvation conditions, which indicated that starvation was potent to autophagy induction in DF-1 cells. As shown in Fig. 2D , pVP2 levels significantly increased with starvation, and the infectious progeny virus titers, both intracellular and extracellular, significantly increased with autophagy induction by nutrient deprivation (Fig. 2E and F) . These results indicated that induction of autophagy through pharmacological treatment or starvation significantly enhanced viral replication.
To determine whether inhibition of autophagy can affect viral replication, DF-1 cells infected with IBDV were treated with wortmannin (WM), a phosphatidylinositol 3-kinase/PtdIns 3-kinase inhibitor known to inhibit autophagosome formation (41) . As shown in Fig. 2B and D, WM treatment reduced the viral pVP2 load, but the difference was not significant compared with the value for untreated cells. However, it signifi-FIG 2 Induced autophagy enhances IBDV replication, whereas inhibition of autophagy impairs IBDV replication. DF-1 cells were pretreated via starvation with DMEM without fetal bovine serum (A), complete medium containing 10 nM wortmannin (B), 5 mM 3-MA under starvation conditions (C), or corresponding solvent for 4 h and then subjected to a 1.5-h absorption with IBDV Gt (MOI ϭ 0.1). Cells were cultured in fresh medium with starvation (A), 10 nM wortmannin (B), 5 mM 3-MA plus starvation (C) or corresponding solvent for 24 h p.i., and the intracellular and extracellular viral loads were analyzed by WB and TCID 50 assay. Antibodies against LC3B, ␤-actin, and (p)VP2 were used for WB, and intensity band ratio of pVP2/actin (D) was normalized to the control. Progeny viral loads, both intracellular (E) and extracellular (F), were titrated in a TCID 50 assay with secondary CEFs. Means Ϯ SDs were determined for three independent experiments. t test was used for comparison to the control group.
cantly reduced the intracellular and extracellular viral titers ( Fig. 2E and F) . To verify that autophagy inhibition impairs IBDV replication, cells infected with IBDV were treated with 3-methyladenine (3-MA) under nutrient-deprived conditions, which reduces autophagy signaling by inhibiting type III phosphatidylinositol 3-kinase activity (42, 43) . As shown in Fig. 2C , autophagy was induced with increased LC3-II by starvation, and 3-MA inhibited the autophagy, with LC3-II decreasing under starvation conditions. Starvation induced autophagy and increased the level of viral protein pVP2, while 3-MA inhibited autophagy and reduced viral protein levels ( Fig. 2C and D) . Moreover, treatment with 3-MA significantly reduced both intracellular and extracellular viral titers ( Fig. 2E and F) . Thus, autophagy inhibition by WM or 3-MA significantly impaired IBDV replication.
Knockdown of autophagic signaling impairs IBDV replication. As autophagic signaling is induced, increasing amounts of the cellular autophagic protein LC3 become conjugated to the lipid phosphatidylethanolamine. This conjugation confers membrane association and is required for autophagosome formation and membrane expansion (44) . Avian LC3B (Av-LC3B) was knocked down with a specific short hairpin RNA (shRNA) in DF-1 cells. A competent shRNA against Av-LC3B was chosen for this assay based on small interfering RNA (siRNA) efficiency scanning (data not shown). Viral protein pVP2 levels exhibited a significant decrease in LC3 knockdown cells, and the infectious progeny viruses, both intracellularly and extracellularly, were significantly reduced by LC3B shRNA versus scrambled shRNA ( Fig. 3A and C to E). These results indicated that the autophagic vacuole membrane structure is important for viral replication.
The autophagic protein ATG5 is essential for the activation of the conventional autophagy and autophagosome formation (45) . In order to confirm knockdown of autophagic signaling impairing IBDV replication, the competent siRNA targeted to Av-ATG5 was scanned (data not shown). DF-1 cells were infected with IBDV after 50 assay at 24 h p.i. Antibodies against LC3B, ␤-actin, ATG5, and (p)VP2 were used for WB, and the intensity band ratio of pVP2/actin (C) was normalized to the control. Progeny viral loads both intracellular (D) and extracellular (E) were titrated in a TCID 50 assay with secondary CEFs. Means Ϯ SDs were analyzed for three independent experiments. t test was used for comparison to the controls.
transfection with an siRNA targeting Av-ATG5 or scrambled siRNA and the infectious progeny viruses, both intracellular and extracellular, and viral protein were used to evaluate the effect of Av-ATG5 knockdown on viral replication. As shown in Fig. 3B , ATG5 was effectively knocked down and the level of LC3-II was also reduced obviously, which indicated that the autophagic signaling was effective knocked down based on ATG5 silencing. The results showed that the level of pVP2 was decreased significantly compared to that with the scrambled siRNA (Fig. 3C ). The infectious progeny virus titers, both intracellular and extracellular, were reduced significantly in ATG5 knockdown cells ( Fig. 3D and E). Taken together, these results suggest that knockdown of autophagic signaling targeting both Av-LC3B and Av-ATG5 impairs IBDV replication.
IBDV induces amphisome and/or autolysosome formation, but without active degradation. In order to determine whether IBDV induces an autophagic flux for lysosomal hydrolysis, the tandem reporter construct monomeric red fluorescent protein (mRFP)-enhanced green fluorescent protein (EGFP)-LC3 (46) was used to observe amphisomal and/or lysosomal turnover of autophagosomes in IBDV-infected cells. The GFP moiety of this tandem reporter is sensitive to lysosomal proteolysis and quenching in acidic pH, while mRFP is not. Thus, the green fluorescent component of the composite yellow fluorescence for this mRFP-EGFP-LC3 reporter is lost upon autophagosome fusion with vesicles of the endocytic pathway to form amphisomes and/or lysosomes. This change from yellow to red fluorescence can be used to visualize acidic proteolysis and localization in acidified compartments of autophagy-targeted GFP (30, 46) . After IBDV infection, we observed an increase in larger yellow autophagosomes, indicating their formation of amphisomes and/or lysosomes, followed by a gradual transition to red. The amphisomes and/or autolysosomes gradually increased in size with continuing fusion with other autophagic and endocytic vesicles. Thus, large red amphisomes and/or autolysosomes were observed. Finally, the cell was destroyed by the virus (Fig. 4) . Autophagosomes are transient vesicles that deliver cargo for lysosomal hydrolysis (47); we used LC3 as an autophagosome marker and p62/sequestosome 1 (SQSTM1), an autophagy substrate and a marker of autophagic degradation (47, 48) . The level of p62 did not alter significantly in IBDV-infected cells compared with that in mock-infected cells at 24 h p.i. (data not shown). Thus, IBDV infection induces amphisome and/or autolysosome formation but does not lead to active degradation.
IBDV proteins accumulated around acidic compartments. LysoTracker can be used to trace acidic compartments, including late endosomes, amphisomes, lysosomes, and autolysosomes, in living cells (30) . In order to observe the localization of IBDV in acidic organelles, the proteins were coexpressed with EGFP. EGFP-IBDV proteins were observed in LysoTracker red-traced acidic endosomes, amphisomes, lysosomes, and autolysosomes by live cell imaging. The serial pictures obtained from live cell imaging showed that the precursor of viral structure protein pVP2 was homogeneously distributed at the beginning throughout the whole cell, gradually accumulated to form spots, which increased in size, and partially concentrated around acidic organelles. The distribution of viral VP1 was similar to that of pVP2 but with a small spot at the beginning. Viral VP3 accumulated as small spots at the beginning and gradually concentrated. VP3 spots were also distributed around acidic organelles. Since the viral proteins pVP2, VP3, and VP4 are derived from the polyprotein (5), the distribution of viral polyprotein was assessed in live cell imaging. The results showed that viral polyprotein distributed throughout the cytoplasm with a few small spots at the beginning and then gradually concentrated to form spots, some of which accumulated around acidic organelles while others colocalized with acidic organelles without quenching in acidic pH, indicating that the active degradation of viral polyproteins was not induced because the EGFP reporter is sensitive to lysosomal proteolysis (Fig. 5) . Taken together, these results indicate that viral assembly proteins distributed around acidic organelles.
Viral assembly factors, pVP2, VP3, and dsRNA, colocalized with LAMP1. IBDV assembly is mediated by three essential elements: pVP2, VP3, and dsRNA (4). In order to investigate whether endosomes, amphisomes, lysosomes, and autolysosomes have effects on viral assembly, we examined the distribution of pVP2, VP3, and dsRNA in IBDV-infected cells stained with endogenous lysosome-associated membrane protein 1 (LAMP1). As shown in Fig. 6 , LAMP1 showed a distribution in IBDV-infected cells different from that in mock-infected cells. In mock-infected cells, LAMP1 was distributed homogeneously throughout the cells at a low level. However, in virus-infected cells, LAMP1 was much more concentrated and presented as spots around the viral components pVP2, VP3, and dsRNA, with partial colocalization. In addition, the expression of LAMP1 increased relative to that in mock-infected cells. To confirm this increase of LAMP1 in IBDV-infected cells, Western blotting was carried out to measure the load of LAMP1. The results showed that both the 120-kDa glycosylated LAMP1 and the 35-kDa polypeptide core increased in IBDV-infected cells relative to the proteins in mockinfected cells (data not shown). These results indicated that the essential viral assembly factors pVP2, VP3, and dsRNA accumulate with endosomes, amphisomes, lysosomes, and autolysosomes and may be associated with IBDV assembly. Acidic amphisomes and/or autolysosomes enhance IBDV replication. To characterize the influence of different steps of autophagy pathway on IBDV replication, we employed pharmacological reagents that target autophagy at various stages. We analyzed intracellular viral protein yields and infectious progeny virus both in intracellular and extracellular parts treated with bafilomycin A1 (BAF A1), which blocks the fusion of autophagosomes with lysosomes (47) . As shown in Fig. 7A , BAF A1 treatment resulted in inhibition autophagosomes fusion with lysosomes, with increased levels of LC3-II and p62. Starvation conditions were used as the positive control of autophagy induction with an increase in the LC3-II level. Cells both starved and treated with BAF A1 showed that autophagic signaling was induced but that fusion of autophagosomes with lysosomes was inhibited with an increase in both LC3-II and p62. As shown in Fig.  7A , C, and D, viral proteins pVP2 and VP2 showed a significant decrease in the presence of BAF A1. Inhibition of autophagosome fusion significantly reduced the infectious progeny virus titers both intracellularly and extracellularly ( Fig. 7E and F) . Thus, inhibition of autophagosome fusion with lysosomes reduced IBDV replication.
Cargo is hydrolyzed in the acidic lysosomes. Chloroquine (CQ) inhibits lysosome acidification, thereby inhibiting the hydrolysis activity of lysosomes (30, 49) . In order to elucidate whether IBDV replication can be influenced by the loss of lysosomal hydrolysis activity in the presence of CQ, IBDV-infected DF-1 cells were treated with CQ. After IBDV infection, intracellular and extracellular infectious progeny viruses and intracellular viral protein yields were determined with or without CQ treatment by TCID 50 assay and WB, respectively. We also employed starvation as the positive control for autophagy induction in this experiment. As shown in Fig. 7B , CQ treatment resulted in an increase in LC3-II and p62 levels. Cells both starved and treated with CQ showed an increase in both LC3-II and p62, indicating that autophagic signaling was induced and hydrolysis by lysosomes was inhibited. As shown in Fig. 7B to D, the amount of pVP2 significantly increased with CQ treatment, whereas the amount of VP2 significantly decreased in CQ-treated cells, suggesting that maturation of VP2 derived from pVP2 decreased because of the loss of lysosomal hydrolysis activity. The infectious progeny virus titers both in the supernatant and in cell cultures were significantly reduced in CQ-treated versus untreated cells (Fig. 7E and F) . To directly observe IBDV replication with or without CQ treatment, the infection rate was evaluated by high-throughput analysis. The results showed that the infection rate was significantly reduced by CQ treatment (Fig. 7G and H) . Thus, inhibition of lysosomal hydrolysis activity by CQ significantly reduced viral infection. We also investigated IBDV replication in cells after inhibition of lysosomal protease activity with E-64d. The results showed that the amount of pVP2 significantly increased but VP2 significantly decreased in E-64d-treated cells. The progeny virus titer in the supernatant was also significantly reduced in E-64d-treated cells (data not shown). Thus, IBDV replication was impaired by inhibition of lysosomal protease activity with E-64d. Taken together, the results show that acidic amphisomes and/or autolysosomes enhance IBDV replication. , or corresponding solvent for 4 h; then they were subjected to 1.5 h of absorption of IBDV Gt (MOI ϭ 1). Cells were further cultured in fresh medium with 20 nM BAF A1 (A), 50 M CQ (B), or corresponding solvent for 24 h p.i., and intracellular and extracellular viral loads were analyzed by WB and TCID 50 assay. Antibodies against LC3B, p62, ␤-actin, and (p)VP2 were used for WB, and intensity band ratio of pVP2/actin (C) or VP2/actin (D) was normalized to the control. Progeny viral loads, both intracellular (E) and extracellular (F), were titrated in a TCID 50 assay with secondary CEFs. (G) DF-1 cells seeded in ViewPlate-96 F TC plates were infected with IBDV at an MOI of 0.1. After a 1.5 h absorption, cells were further cultured in fresh medium with 50 M CQ or corresponding solvent. At 24 h p.i., cells were fixed, permeabilized, inoculated with anti-(p)VP2 primary antibody, incubated with FITC-conjugated secondary antibody, and stained for nuclei with DAPI. Fluorescence was detected with the Operetta high-content screening platform, and the HarmonyTM 2.1.1 system was used for image acquisition; original image data were analyzed with the Columbus 2. 
Autophagic vacuoles facilitate IBDV maturation, release, and reinternalization.
To determine whether intact IBDV virions are present in endosomes, autophagosomes, amphisomes, lysosomes, or autolysosomes, the ultrastructure of infected DF-1 cells was examined by TEM. As shown in Fig. 8A , a small number of IBDV virions were encapsulated within the vacuole similar to the cell entry process, since cells presented no obvious cytopathic effect (CPE). Mitochondria presented a clear structure, and a few vacuoles appeared in the cytoplasm. Figure 8B shows that large numbers of IBDV virions were encapsulated within the cytoplasmic vacuole and cells presented obvious CPE, with some vacuoles and leakage of the cytoplasm content. Moreover, large numbers of mature membrane-encircled IBDV virions in lytic cells infected adjacent cells in a cell-to-cell manner (Fig. 8C) . These results indicated that autophagic vacuoles are hijacked to facilitate virus release and reinternalization, consistent with the findings of a previous study (50) . To investigate if IBDV virions can exist in amphisomes and/or autolysosomes, the cells were stained with p62 for immuno-transmission electron microscopy. We determined that a large number of intact IBDV virions were arranged in a lattice surrounded by p62 proteins, some of which lay between virions (Fig. 8D) . The uninfected cells and an isotype matched antibody were employed as controls in immuno-TEM. As shown in Fig. 8E , the mock-infected cells can be labeled with p62 proteins. We applied the rabbit IgG polyclonal primary antibody as the isotype control. As Fig. 8F shows, there was no nonspecific reactivity to either cellular components or virions. These results suggest that intact IBDV virions can exist in autolysosomes and avoid hydrolysis. Thus, autophagic vacuoles facilitate IBDV maturation, release, and reinternalization.
DISCUSSION
IBDV is the most extensively studied virus in terms of molecular characteristics and pathogenesis; however, mechanisms underlying the IBDV life cycle require further exploration. In this study, we found that autophagic vacuoles were subverted to promote viral maturation and release. We boldly propose a new mechanism for IBDV maturation, release, and reinternalization, as illustrated in Fig. 9 . Hsp90 and ␣4␤1 integrin are shown to be components of the cellular receptor complex that mediates IBDV infection (6, 7) . Additionally, IBDV uptake involves macropinocytosis and trafficking to early endosomes in a Rab5-dependent manner; therefore, a functional endocytic pathway is critical for viral infection (9) . Uncoating of the virus occurs within the endosome in response to a low-pH environment (3) . One viral peptide, pep46, generated during the processing of pVP2 maturation is suggested to deform biological membranes, leading to the formation of pores. The pores promote the exchange of small molecules between endosomal ghosts and the cytoplasm, allowing initial transcription from the genome (3, 8) . In addition, the virus establishes replication factories associated with the endosomal membranes (8) . We revealed that IBDV induces typical double-membrane vesicles, termed autophagosomes, which can fuse with vesicles of the endocytic pathway to form amphisomes and/or autolysosomes. Viral maturation is enhanced by the low-pH environment of amphisomes and autolysosomes. Virions are packaged within the cellular membrane, which facilitates fusion with the membranes of adjacent cells and delivers a large number of virions directly and rapidly into uninfected cells in cell-to-cell way.
In this study, we revealed that IBDV induces autophagy during the late phase of infection, fusing autophagosomes with lysosomal systems. Although autophagosomes typically fuse with lysosomes to hydrolyze cargo, IBDV is not degraded. Interestingly, viral replication is promoted by the induction of autophagy with rapamycin or starvation, whereas inhibition of autophagy by 3-MA or wortmannin reduced viral replication, indicating that autophagosomes supplied more vesicle membranes as the viral replication sites for IBDV (8) . Several viruses, in particular, members of the family Picornaviridae, have been found not only to subvert autophagy but also to actively induce the pathway and hijack the autophagy machinery to increase virus replication. Both poliovirus-and coxsackievirus B3-induced double-membrane-bound vesicles strongly resemble cellular autophagosomes (17, 24, 27) . Autophagic protein LC3 conjugated to the lipid phosphatidylethanolamine confers membrane association and is required for autophagosome formation and membrane expansion. In our study, LC3B silencing decreased virus yields. In addition, the decrease in progeny virus released into the extracellular medium was greater than the decrease in intracellular viral proteins. This is similar to results with poliovirus, with which siRNA knockdown of LC3 or ATG12 significantly reduced progeny virus released, suggesting that hijacked autophagosomes provide a site for viral replication and allow virions within the cytoplasmic lumen of double-membrane vesicles to be released into the extracellular milieu. As a part of the host defense system, autophagy contributes to the elimination of invading micro-organisms by degrading them in the lysosomal compartment (17, 51) . We demonstrated the formation of amphisomes and/or autolysosomes via fusion of autophagosomes with endocytic vacuoles, consistent with the observation of changes in fluorescence with expression of mRFP-EGFP-LC3. Surprisingly, endogenous p62 levels were not significantly altered, indicating that autolysosomes formed without active degradation of contents. In rubella virus-and Semliki Forest virus-infected cells, modified endosomes and lysosomes constitute special vesicular structures that serve as RNA replication sites and replicative intermediates (52) . In rubella virus infection, replication complexes are membrane-bound cytoplasmic vacuoles. These replication complexes are virus-modified lysosomes (53) . Studies on poliovirus have indicated that intracellular vesicle acidification, a hallmark of autophagosome maturation, promotes maturation of infectious poliovirus particles (54) (55) (56) (57) . In IBDV-infected cells, pVP2, VP3, and dsRNA, which are essential components for IBDV assembly (4), colocalized with LAMP1 in autophagic endosomal pathway. HIV initiates assembly in the late endosome (58) . Thus, the formation of amphisomes and/or autolysosomes and the activity of amphisomes and autolysosomes facilitate IBDV maturation and assembly. Live cell imaging showed that viral proteins accumulated around acidic organelles labeled with Lyso-
FIG 9
Proposed model for IBDV replication cycle. Hsp90 and ␣4␤1 integrin are components of the cellular receptor complex mediating IBDV infection (6, 7). Additionally, IBDV uptake involves macropinocytosis and trafficking to early endosomes in a Rab5-dependent manner, and a functional endocytic pathway is critical for viral infection (9) . Uncoating of the virus occurs within the endosome in response to a low-pH environment (3) . One viral peptide, pep46, generated during the processing of pVP2 maturation is suggested to deform biological membranes, leading to the formation of pores. The pores promote an exchange of small molecules between endosomal ghosts and the cytoplasm, allowing the initial transcription of the genome (3, 8) . In addition, virus builds up its replication factory associated with the endosomal membrane (8) . We revealed that IBDV induces typical double-membrane vesicles termed autophagosomes, which can fuse with vesicles of the endocytic pathway to form amphisomes and/or autolysosomes. Viral maturation is enhanced by the low-pH environment of amphisomes and/or autolysosomes. Virions are packaged within the cellular membrane, which facilitates fusion with the membranes of adjacent cells and delivers a large number of virions directly and rapidly into uninfected cells in cell-to-cell way. We propose that this may be a new mechanism for IBDV maturation, release, and reinternalization.
Tracker red and exhibited partial colocalization with them. The proteins were not degraded by the acidic environment; rather, the amount increased with concentrated fluorescent signal. The fusion of autophagosomes with lysosomes was inhibited by BAF A1, which reduced intracellular and extracellular virus yields. Lysosomal hydrolysis activity was inhibited by chloroquine, significantly reducing viral titers and resulting in the loss of mature VP2 derived from pVP2 due to the loss of lysosomal hydrolysis activity. Inhibiting the activity of lysosomal proteases by E-64d also impaired virus replication (data not shown). Endosomes, autophagosomes, amphisomes, lysosomes, and autolysosomes facilitate low-pH-mediated maturation of viral proteins and membrane-mediated progeny virus release. Enteroviruses such as poliovirus are relatively resistant to low pH and proteases and may survive in autophagosomes and lysosomes (59) . IBDV, similar to other viruses, likely completes the morphogenetic process associated with the autophagic endosomal pathway and Golgi stacks (60) (61) (62) . IBDV virions were not degraded in the lysosomes or autolysosomes. Indeed, IBDV utilized their low-pH environment to facilitate viral protein maturation and replication. A large number of IBDV virions were encapsulated in vacuoles, and well-organized virions were surrounded and permeated with p62, a marker of autolysosomes. Taken together, the results show that the autophagic endosomal pathway is one mechanism that facilitates IBDV maturation, release, and reinternalization. A recent study claims that a subpopulation varicella-zoster virus particles are sorted into a vesicle resembling an amphisome for their final trafficking to the outer cell membrane (33) . Overall, these researches suggest that highly divergent DNA and RNA viruses may share similar exit pathways.
MATERIALS AND METHODS
Cells, viruses, plasmids, and reagents. DF-1 cells were cultured in Dulbecco's modified Eagle medium (DMEM; HyClone; SH30022.01B) supplemented with 10% fetal bovine serum (FBS) at 37°C in a humidified 5% CO 2 incubator. Primary chicken embryo fibroblasts (CEFs) were prepared from 9-day-old specific-pathogen-free chicken embryos purchased from the Experimental Animal Center of Harbin Veterinary Research Institute, Chinese Academy of Agricultural Sciences. The cell-adapted IBDV Gt strain was saved in our laboratory. The plasmid EGFP-Av-LC3B was described previously (41) . The plasmids pcaggs, pGPU6/RFP/Neo, ptfLC3, and pEGFP-N1 (Clontech; 6085-1) were saved in our laboratory. Mouse monoclonal anti-IBDV (p)VP2 and anti-VP3 were saved in our laboratory. The following were purchased from Abcam: rabbit monoclonal anti-ATG5 (ab108327), rabbit polyclonal anti-LAMP1 (ab24170), and rabbit IgG isotype polyclonal antibody (ab27478). The following were purchased from Sigma-Aldrich: rabbit polyclonal anti-LC3B (L7543) and anti-p62/SQSTM1 (P0067); mouse monoclonal anti-␤-actin (A1978) and anti-c-Myc (M4439); anti-mouse IgG (whole molecule)-tetramethyl rhodamine isothiocyanate (TRITC) antibody produced in goat (T5393); anti-mouse IgG (whole molecule)-fluorescein isothiocyanate (FITC) antibody produced in goat (F9006); and anti-rabbit IgG (whole molecule)-FITC antibody produced in goat (F9887). Mouse monoclonal anti-double-stranded RNA (J2-1303) was purchased from English and Scientific Consulting, Hungary. Rapamycin (R0395), 3-methyladenine (M9281), bafilomycin A1 (B1793), chloroquine diphosphate salt (C6628), E-64d (E3132), and a mitochondria isolation kit (MITOISO2) were purchased from Sigma-Aldrich. Wortmannin (12-338) was purchased from Millipore. IRDye 800CW goat anti-rabbit IgG (HϩL) (926-32211) and IRDye 800CW goat anti-mouse IgG (HϩL) (926-32210) were purchased from Li-Cor Biosciences.
Virus infection and IBDV titration. DF-1 cells were seeded on six-well plates, cultured for about 24 h, and then infected with IBDV Gt at a multiplicity of infection (MOI) of 0.1 or 1 with a 1.5-h absorption period at 37°C. Unattached viruses were removed by aspiration, and the cells were cultured in fresh complete medium containing 10% FBS. The secondary CEF cultures were used to titrate infectious progeny virus after various treatments. The supernatants were collected at various time points to determine the titer of infectious viral progeny in terms of TCID 50 /100 l using the Reed-Muench formula. All experiments were repeated three times, and the means and standard deviations (SDs) were calculated.
Lysate preparation, SDS-PAGE, and immunoblotting. Cells were washed with phosphate-buffered saline (PBS) and were lysed with lysis buffer containing 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1% Triton X-100, sodium pyrophosphate, ␤-glycerophosphate, and 1ϫ complete cocktail protease inhibitor. Whole lysates were boiled for 10 min in the presence of 5ϫ sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) loading buffer. After centrifugation at 12,000 ϫ g for 2 min, equivalent sample amounts were separated by 12% SDS-PAGE and transferred to pure nitrocellulose blotting membranes (PALL; 66485). After blocking with 5% skim milk, the membranes were incubated with primary antibody at 37°C for 1.5 h, followed by IRDye 800CW secondary antibody for 1 h at 37°C. Proteins were visualized and quantified using the Odyssey system (Li-Cor).
Confocal microscopy. DF-1 cells were cultured to ϳ70% confluence in 35-mm culture dishes with 20-mm coverslip inserts (NEST; 801001) overnight and were infected with IBDV at an MOI of 1. The cells were further cultured in fresh complete medium for 12 and 24 h, then fixed with 4% paraformaldehyde for 30 min at room temperature (RT), and permeabilized with 0.1% Triton X-100 for 15 min at RT. After three washes with 0.05% Tween 20 -PBS (PBST), cells were incubated with rabbit polyclonal anti-LC3B and mouse monoclonal anti-(p)VP2 primary antibodies for 1.5 h at RT. After three washes with PBST, cells were incubated for 1 h with 1:200 dilutions of goat anti-rabbit secondary antibodies conjugated to fluorescein isothiocyanate and goat anti-mouse secondary antibodies conjugated to tetramethyl rhodamine isothiocyanate simultaneously in the dark. After three washes with PBST, nuclei were stained with 4=,6-diamidino-2-phenylindole (DAPI) for 10 min at RT. After three washes with PBST, the distribution of viral proteins (p)VP2 and endogenous LC3 was observed by confocal microscopy.
DF-1 cells were cultured to ϳ70% confluence in 35-mm culture dishes with 20-mm coverslip inserts; then they were infected with IBDV Gt at an MOI of 1. At 24 h p.i., cells were fixed and permeabilized; then they were incubated with mouse monoclonal anti-(p)VP2, -VP3, or -dsRNA and rabbit polyclonal anti-lysosome-associated membrane protein 1 (anti-LAMP1) antibody for 1.5 h at RT. After three washes with PBST, cells were simultaneously incubated for 1 h with 1:200 dilutions of TRITC-conjugated goat anti-mouse and FITC-conjugated goat anti-rabbit secondary antibodies. Nuclei were stained with DAPI and observed by confocal microscopy after three washes with PBST.
Live cell imaging. DF-1 cells were cultured to ϳ70% confluence in 35-mm culture dishes with 20-mm coverslip inserts; then they were transfected with ptfLC3, a tandem reporter construct of mRFP-EGFP-LC3, using Lipofectamine 2000 (Invitrogen; 11668-019). At 24 h posttransfection, cells were mock infected or infected with IBDV at an MOI of 1. After 1.5 h of absorption, cells were observed by long-term live cell imaging with the RFP and EGFP channels to produce time-lapse movies. All movies were edited using Volocity software (PerkinElmer, Waltham, MA).
DF-1 cells were cultured to ϳ70% confluence in 35-mm culture dishes with 20-mm coverslip inserts and transfected with pEGFP-N1-IBDV VP1, pEGFP-N1-IBDV VP3, pEGFP-N1-IBDV pVP2, pEGFP-N1-IBDV PP, or pEGFP-N1 using Lipofectamine 2000. At 24 h posttransfection, cells were incubated in medium containing 50 nM LysoTracker red (Molecular Probes, Life Technologies; L7528) for 30 min and then incubated in medium containing Hoechst 33342 for 1 h. Cells were observed by long-term live cell imaging using three channels (green, red, and blue) to produce time-lapse movies. All movies were edited using Volocity software.
High-throughput image analysis. DF-1 cells were seeded in ViewPlate-96 F TC (PerkinElmer; 6005182) plates overnight and infected with IBDV at an MOI of 0.1. After 1.5 h of absorption, cells were cultured in fresh medium in the presence or absence of 50 M CQ. At 24 h p.i., cells were fixed and permeabilized. After three washes with PBST, cells were inoculated with primary antibodies of mouse monoclonal anti-(p)VP2 for 1.5 h at RT. After three washes with PBST, cells were incubated for 1 h with 1:200 dilutions of FITC-conjugated goat anti-mouse secondary antibodies in the dark. Cells were stained with DAPI, and fluorescence was detected with the Operetta high-content screening platform (PerkinElmer). The Harmony 2.1.1 system (PerkinElmer) was used for high-throughput image acquisition. Thirty random individual imaging fields per well were analyzed with blue for nucleus (DAPI) and green for viral protein (FITC) channels on a single Z-plane. The original image data were imported into and analyzed with Columbus 2.3.2 (PerkinElmer). The number of FITC cells/DAPI cells was used to quantify virus infection rate. Cell nuclei were first identified using the DAPI channel image, and green fluorescence was detected using the FITC channel image. The quantified nuclei was generated a first population of objects (Nuclei), and the second population of objects (FITC-positive cells) was generated based on the Calculate Intensity Properties function for green fluorescence. The FITC-positive cell/DAPI cell ratio was calculated and analyzed with or without CQ treatment.
Transmission electron microscopy. For ultrastructural analysis, DF-1 cells were mock infected or infected with IBDV Gt at an MOI of 1 for 24 h. Cells were collected at 900 ϫ g for 15 min and fixed in 2.5% glutaraldehyde in phosphate buffer, pH 7.2, for 2 h at 4°C. Following three 15-min washes in phosphate buffer, cells were postfixed in 1% osmium tetroxide for 1 h at 4°C. The samples were then rinsed extensively in three 15-min washes with distilled H 2 O. Cells were dehydrated in a graded series of acetone and embedded in LR-White resin. Sections of 50 to 70 nm were prepared after polymerization for 2 days at 80°C. Sections were doubly stained with uranyl acetate for 15 min and lead citrate for 10 min at RT. Autophagosomes were defined as double-membrane vacuoles measuring 0.3 to 2.0 m with clearly recognizable cytoplasmic contents.
For immunoelectron microscopy, cells were collected and fixed in 4% paraformaldehyde in 0.1 M HEPES-NaOH buffer, pH 7.4, overnight at RT. Cells were washed three times in distilled H 2 O for 15 min; then they were dehydrated in a graded series of N,N-dimethylformamide, embedded in LR-white resin overnight at 4°C, and polymerized for 10 days at Ϫ20°C under UV light. Sections of 80 to 100 nm were prepared and blocked in 3% bovine serum albumin for 30 min at RT. Primary antibodies were incubated for 40 min at RT and washed three times in distilled H 2 O for 5 min. The secondary antibodies were conjugated to colloidal gold (10-nm diameter), incubated for 40 min at RT, and washed three times. The sections were stained with 3% uranyl acetate for 10 min at RT.
shRNA-or siRNA-mediated gene silencing. The siRNA sequences were as follows: avian LC3B-1, 5=-GGUGAUCAUUGAAAGGUACTT-3=; LC3B-2, 5=-GCCAGAUCACGUCAACAUGTT-3=; LC3B-3, 5=-GCUUCCU GUACAUGGUGUATT-3=; avian ATG5-1, 5=-GGCAUUACCCAAUUGGUUUTT-3=; ATG5-2, 5=-GCAUCACAGUG CAUUUCAATT-3=; and ATG5-3, 5=-GGAUGUGAUUGAAGCUCAUTT-3=. DF-1 cells cultured to 60 to 70% confluence in 6-well plates were transfected with avian LC3B siRNA or ATG5 siRNA using Lipofectamine 2000. Briefly, 60 pmol of siRNA was diluted in 250 l of serum-free Opti-MEM and 6 l of Lipofectamine 2000 was also diluted in 250 l of Opti-MEM, and both mixtures were incubated for 5 min at RT. The diluted RNA and Lipofectamine 2000 were combined and incubated again for 20 min at RT. The 500-l mixture was then added dropwise to each culture well. The plates were incubated at 37°C in a CO 2 incubator for 4 h; then the mixtures were replaced with fresh complete medium and incubated for an additional 44 h. Scrambled siRNAs were used as a negative control. The knockdown efficiency was evaluated based on protein expression level. Competent LC3B siRNAs were chosen to construct the shRNA expression vector with pGPU6/RFP/Neo, and shRNA or siRNA was used to investigate the influence on viral replication of target protein silencing. Sequences of primers used to clone avian ATG5 or IBDV proteins in vector pcaggs or pEGFP-N1 are shown in Table 1 .
Statistical analysis. All data are presented as means Ϯ SDs based on three independent experiments. The significance of the variability between groups was determined by t test (shown in figures as follows: #, P Ͼ 0.05; *, P Ͻ 0.05; and **, P Ͻ 0.01).
TABLE 1
Sequences of primers used to clone avian ATG5 or IBDV proteins in vector pcaggs or pEGFP-N1
Primer name
Sequence (5=-3=) a EGFP-N1-VP1-F CCGCTCGAGATGAGTGACATTTTCAACAGTC EGFP-N1-VP1-R CGGAATTCGGCGGCTCTCCTTTTGGCGT EGFP-N1-pVP2-F CGGAATTCATGACAAACCTGCAAGATCAAAC EGFP-N1-pVP2-R GGGGTACCGTGGCGAGGGTTAGCTGCCTTATG EGFP-N1-VP3-F CGGAATTCATGGCATCAGAGTTCAAAGAGAC EGFP-N1-VP3-R GGGGTACCGTCTCAAGGTCCTCATCAG EGFP-N1-PP-F CGGAATTCATGACAAACCTGCAAGATCAAAC EGFP-N1-PP-R GGGGTACCGTCTCAAGGTCCTCATCAG pc-mycAtg5-F GGGGTACCATGGCATCAATGCAGAAGCTGATCTCAGAGGAGGACCTG ACAGATGACAAAGATG pc-Atg5-R CCGCTCGAGTCAATCAGTAGGTCGGGGAATG a Inserted restriction sites are underlined, and the c-Myc tag is italicized.
